The ultra-low permeability and nanosize pores of tight/shale gas reservoir would lead to non-Darcy flow including slip flow, transition flow, and free molecular flow, which cannot be described by traditional Darcy's law. The organic content often adsorbs some gas content, while the adsorbed amount for different gas species is different. Based on these facts, we develop a new compositional model based on unstructured PEBI (perpendicular bisection) grid, which is able to characterize non-Darcy flow including slip flow, transition flow, and free molecular flow and the multicomponent adsorption in tight/shale gas reservoirs. With the proposed model, we study the effect of non-Darcy flow, length of the hydraulic fracture, and initial gas composition on gas production. The results show both non-Darcy flow and fracture length have significant influence on gas production. Ignoring nonDarcy flow would underestimate 67% cumulative gas production in lower permeable gas reservoirs. Gas production increases with fracture length. In lower permeable reservoirs, gas production increases almost linearly with the hydraulic fracture length. However, in higher permeable reservoirs, the increment of the former gradually decreases with the increase in the latter. The results also show that the presence of CO 2 in the formation would lower down gas production.
Introduction
Gas production from unconventional gas reservoirs, such as tight gas/shale gas reservoir, has grown great interest in recent years. Because of the ultra-low permeability (usually under 0.1 mD) and small pore diameter (usually under 50 nm) [1] , gas flow in such tight formations reveals multiflow mechanisms that cannot be described by traditional Darcy's law, such as slip flow and Knudsen diffusion [2, 3] .
Some modeling work has been conducted to study flow mechanisms in such reservoirs. Javadpour [2] combined convective flow and Knudsen diffusion into gas mass balance equation and found that the apparent permeability derived from the new mass balance equation can lead to one to two orders of magnitude difference from the intrinsic permeability in origin Darcy's law. Beskok and Karniadakis [4] derived a unified Hagen-Poiseuille-type equation for volumetric gas flow through a single pipe. Based on Beskok and Karniadakis [4] , Florence et al. [5] proposed a formulation of apparent permeability in terms of Knudsen number. Civan [6] improved the function of the dimensionless rarefaction coefficient proposed by Beskok and Karniadakis [4] and established a mathematical model for gas flow in tight gas formation [7] . Zheng et al. [8] [9] [10] proposed a predictive model for gas slippage factor and gas diffusivity in microporous media based on fractal theory. Freeman et al. [11] incorporated the dusty-gas model into TOUGH+ family code to study gas flow behavior in tight gas/shale gas reservoirs. Freeman et al. [12] also incorporate extended Langmuir isotherm into a compositional model to represent gas desorption in shale. However, they did not consider multiflow mechanisms this time, such as slip flow and transition flow. Clarkson et al. [13] modeled transport in tight gas/shale using dynamic slippage concept which developed by Ertekin et al. [14] . Swami et al. [15] and Li et al. [16] both separately incorporated multiflow mechanisms into a numerical model to simulate gas behavior in shale. Yao et al. [17] compared gas production predicted by Civan [6] , 2 Journal of Chemistry Javadpour [2] , and Dusty-gas model and studied effect of fracture parameters on gas production in shale.
However, most models above are single component model and are based on structured grid [2, 7, 13, [15] [16] [17] . Some models [2, 11, 12] did not combine multiflow mechanisms and gas sorption together. In this paper, we first developed a compositional model which incorporates multiflow mechanisms and multicomponent adsorption based on PEBI (perpendicular bisection) grid. We also studied effect of apparent permeability, initial gas composition, and fracture length on gas production under various intrinsic permeability conditions.
Mathematical Model
2.1. PEBI Grid. PEBI grids are also known as Voronoi cells and are defined as the region in which all points are closer to the corresponding seed than any other seeds [18] [19] [20] . The boundary of each Voronoi cell is normal to the line connecting the seeds on the two sides. Compared to structured Cartesian and Corner gird, the unstructured PEBI grids have the following advantages.
(1) Flexibility: it can represent the characteristic of complex boundary, pinch-out, and faults in the formation precisely.
(2) Easiness of local refinement: because of the flexibility of PEBI grid and the arbitrariness of arranging PEBI grid point, it is easier to refine grid in the local place, such as domain around wells.
(3) Less grid orientation effect: the unstructured hexagonal PEBI grid makes the grid orientation effect less significant than structured grid.
(4) Easiness of discretizing and solving equations: the local orthogonality of PEBI grid makes it easier to discretize and solve equations by using finite volume method.
The PEBI grid used in this paper is based on previous researches [21, 22] . The grid points are arranged following streamline and based on well type, location, and reservoir geometry. The generated grids are denser near wells and looser far away from wells, as shown in Figure 1 . This arrangement of PEBI grids can keep computation accuracy and save computation time.
2.2. Apparent Permeability. Gas flow in low-permeability tight and shale gas reservoirs occurs following various mechanisms, such as slip flow, transition flow, and free molecular flow. The matrix permeability in such reservoirs needs to be modified to enable traditional Darcy's law describe such nonDarcy flow.
Note that the non-Darcy flow in the paper includes slip flow, transition flow, and free molecular flow which is defined as below.
Chambre and Schaaf [23] have classified four flow regimes based on Knudsen number ( ), as shown in Table 1 .
The Knudsen number expresses the mean free path of molecules as a fraction of a representative path (mean hydraulic radius, e.g.) [24] :
Here, is the mean free path for gas and is defined by the following equation:
where is the gas viscosity in Pa⋅s, is the absolute gas pressure in Pa, is the universal gas constant (8,314 J/(kmol⋅K)), is the absolute temperature in Kelvin, and is the molecular weight of the gas in kg/kmol.
The mean hydraulic radius of flow tubes in porous media ℎ is defined as
where is the tortuosity, is the porosity, and 0 is the intrinsic permeability of the reservoir in m 2 . Based on the unified model for gas flow in microtubes derived by Beskok and Karniadakis [4] and Florence et al. [5] proposed a formulation of apparent permeability in terms of Knudsen number to characterize the non-Darcy flow in the porous media. Consider
where is the dimensionless rarefaction coefficient and is defined by Beskok and Karniadakis as = 128
Substituting (5) into (4) yields
This equation is valid for all flow regimes for gas flow in porous media [4, 5] .
Multicomponent Langmuir Isotherm.
To simulate and distinguish sorption capacity for different components, the extended Langmuir isotherm which is widely accepted by petroleum industry is used. For component , the sorption volume is as follows:
where ads, is the standard volume of sorbed component , is the mole fraction of the component , and ℎ is the total number of components. The Langmuir volume , and Langmuir pressure , are measured values for the pure component . The total sorption is given by
Mass Conservation Equations.
Based on finite volume method, the governing mass balance equation for the component considering gas sorption is given by
where is the gas volume in m 3 , is the rock density in kg/m 3 , ,std is the gas density under standard conditions
(1 atm and 15 ∘ C) in mol/m 3 , is the gas density under formation condition in mol/m 3 , and ,std is the gas production rate under standard condition in m 3 /s. Values of and ,std were calculated using the Peng-Robinson equation of state (PR EOS) [25] . The symbol represents connection between adjacent grids, and ΔΦ is the difference in gas potentials between adjacent grids 1 and 2 and is given by
, where is the depth of the formation. The viscosity was calculated using the Lohrenz-Bray-Clark (LBC) correlation [26] . The transmissibility parameter = /Δ , where is the apparent permeability represented by (6) , is the cross-sectional area between the adjacent grids, and Δ is the distance between the adjacent grids.
The left term of (9) is the mass accumulation term and includes the mass of both free gas and sorbed gas. The first right term denotes the advection term. The second right term denotes source or sink in the well, which stands for the rate of gas mass produced from or injected into a well.
For vertical well, the well production rate ,std is expressed by Peaceman model:
where ℎ is the effective height of well perforation in m, is wellbore radius in m, is well grid pressure in Pa, is bottom-hole flowing pressure in Pa, and is the equivalent radius in the well grid in m. For structured Cartesian grid, can be expressed as = 0.28
For unstructured PEBI grid, we derive as follows. Assume pressure at equivalent radius as which is equivalent to well grid pressure . Arranging (10) yields
The flux from adjacent grids to well grid is the same as ,std . can be expressed as
Arranging (10) and (12) and substituting into (13) yield
Consequently, can be expressed as follows: For vertical well with a hydraulic fracture, we use the infinite conductivity model [27] to represent the conductivity of the fracture in the reservoir. Considering the wellbore storage, the well production rate ,std can be expressed as
where is the wellbore storage in m 3 /MPa and +1 and are ( + 1)th and th time steps.
The unknown variables include pressure , bottom-hole flowing pressure
, and the mole fraction in mass conservation equations (9) . The nonlinear equations are solved using Newton iteration method and the matrix solver GMRES (generalized minimal residual method) [28] .
Model Validation
The model was validated by reproducing the pressure buildup data from a hydraulic fractured vertical well in a tight gas reservoir in Xinjiang, China. The pilot test operation comprised two stages: gas production at the rate of 8.36 × 10 4 m 3 /day for 30 days, followed by a shut-in period of 25 days.
The model was set up using parameters and properties listed in Table 2 . The initial reservoir gas contains 94.7% CH 4 , 1.2% CO 2 , 2.7% C 2 H 6 , and 1.4% C 3 H 8 . The average gas sorption parameters ( and ) in Table 2 were provided without distinguishing different type of gas components. Figure 2 shows the predicted pressure dropdown during the production stage and the pressure build-up during the shut-in period. The modeling output was compared to the monitored high frequency/high-resolution BHP data during the shut-in operation [29] . The pressure data during the production was not available. The simulation output shows reasonable reproduction of the pressure build-up data.
Results and Discussion
The developed model was used to understand the effect of non-Darcy flow, length of the hydraulic fracture, and initial gas composition on gas production. Specific reservoir parameters and simulation conditions are listed in Table 3 , unless noted otherwise. The sorption parameters for gas species are listed in Table 4 . The hydraulically fractured vertical well is located in the middle of simulated gas reservoir of which the boundary is sealed.
The Effect of Non-Darcy Flow on Gas Production.
Here, the gas production was calculated with and without con- The non-Darcy flow is incorporated into apparent permeability which is represented by (6) . The non-Darcy flow in tight formations includes slip flow, transition flow, and free molecular flow which will enhance the gas flow ability, especially under lower pressure condition. Thus, as gas produces, the reservoir pressure continues to decrease and the influence of non-Darcy flow on gas production will become more significant.
In the higher permeable reservoir ( 0 = 1.01 × 10 −2 mD), the influence of non-Darcy flow on gas production is very limited, as depicted by Figure 3(a) . The flow regime of gas mainly stays in slip flow regime. After 4.38 × 104 days (120 years) production, the difference of predicted produced gas volume with and without considering non-Darcy flow is only about 2%, as shown in Figure 4 .
While in lower permeable gas reservoirs ( 0 = 1.01 × 10 −4 mD, 0 = 1.01 × 10 −6 mD) which are more common for tight/shale gas reservoirs, the non-Darcy flow (mainly under transition flow regime) reveals more significant influence on produced gas volume, as depicted in Figures 3(b) and  3(c) . The predicted produced gas volume without considering non-Darcy flow is 24% and 67% smaller than that with considering non-Darcy flow for reservoir 0 = 1.01×10 −4 mD and reservoir 0 = 1.01 × 10 −6 mD, respectively. Lower permeability often indicates smaller pore diameter which means that more chance of non-Darcy flow would happen during gas flow. From Figures 3(a) to 3(c) , as the permeability goes smaller, the gas flow regimes mainly stay on slip flow, early transition flow, and late transition flow, respectively. Based on the results above, non-Darcy flow is critical for accurate predicting gas flow behavior in low permeable reservoirs, such as tight gas or shale gas reservoirs. Ignoring it would significantly underestimate gas production capacity.
The Effect of Length of Hydraulic Fracture on Gas Production.
Here, we aim to understand the role of hydraulic fracture length in determining gas production. Gas production rate and cumulative gas production were predicted when the half-length of hydraulic fracture equals 0, 50, 100, 200, and 400 meters in the reservoir of which intrinsic permeability equals 1.01 × 10 −2 mD, 1.01 × 10 −4 mD, and 1.01 × 10 −6 mD. Take the medium permeable reservoir ( 0 = 1.01 × 10 −4 mD), for example. The gas cumulative production and production rate are depicted in Figure 5 . The results show that gas production rate and cumulative production increase with half-length of hydraulic fracture. The vertical well with no fracture (represented by red line) indicates very limited production potential. The averaged production rate is only 79 m 3 /day and the cumulative production after 120 years is only 3.4 million cubic meters, as shown in Figures 5(a) and 5(b) , while for the vertical well with hydraulic fracture of which the half-length is only 50 meters, the cumulative production increases to 15 million cubic meters, about five times as that of the well with no fracture. As the half-length of fracture increases to 100 m, 200 m, and 400 m, the cumulative production increases to 22, 36, and 65 million cubic meters, respectively. With the increase of half-length of fracture, the extent of cumulative production increased is remarkable, indicating the significant importance of length of hydraulic fracture on gas production.
Gas production rate in such low permeable reservoir decreases very quickly, especially in the early production time, as depicted by Figure 5(b) . For the well with a fracture half-length of 400 meters, in the first 2 days of production, the rate stays above 100,000 m 3 /day, while after 200 days of production, the rate decreases rapidly to 10,000 m 3 /day. In the late production time, the rate decreases much slower. After 100 years of production, the rate remains fairly at 1,000 m 3 /day. For all simulated reservoirs, the increase of half-length of hydraulic fracture shows a positive influence on gas production, as depicted in Figure 6 . In the higher permeable reservoir ( 0 = 1.01 × 10 −2 mD), the cumulative production shows nonlinear relationship with fracture half-length. With increase of fracture half-length, the increment of cumulative production decreases gradually and may finally become negligible. In the medium permeable reservoir ( 0 = 1.01 × 10 −4 mD), the cumulative production shows almost linear increment relationship with fracture half-length. And in the lower permeable reservoir ( 0 = 1.01 × 10 −6 mD), the relationship between the two can be identified as linear.
Thus, we conclude that the lower the permeability is, the more significant the increasing fracture length influences gas production. But for some relatively higher permeable reservoirs, an appropriate length of fracture should be found considering the balance between economical cost of fracturing a well and gas production.
The Effect of Initial Gas Composition on Gas Production.
Here, gas cumulative productions are calculated when initial CO 2 composition equals to 0%, 10%, 20%, and 30%, respectively. The half-length of hydraulic fracture is confined to 200 meters. The intrinsic permeability is confined to 1.01 × 10 −4 mD. The initial gas species in the reservoir is assumed to be CO 2 and CH 4 . All other parameters are the same as in Tables 3 and 4 . The results are shown in Figure 7 .
The results show initial gas composition has some influence on cumulative production. Higher percentage of CO 2 in the initial gas leads to lower gas production which can be seen clearly on the enlarged figure. This is mainly because the presence of CO 2 increases gas viscosity, which would slow down flow speed in the formation and eventually reduce gas production.
The decrement of cumulative gas production slows down with the increase of CO 2 percentage in initial gas content, as depicted in Figure 8 (a), while that of cumulative methane production does not, as depicted in Figure 8(b) . The cumulative methane production shows a linear relationship with the percentage of CO 2 in initial gas content. When initial CO 2 percentage equals 0%, the produced cumulative gas volume is 4.4% (1.5 million m
3 ) higher than that of the case when initial CO 2 percentage equals 30%, while for produced cumulative Figure 6 : Effect of fracture half-length on cumulative production after 120 years of production in three different permeable gas reservoirs. Cumulative production (std m Figure 8 : Effect of initial gas composition on produced (a) cumulative mixed gas volume and (b) methane volume after 120 years of production.
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Conclusions
In this paper, we proposed a compositional model for tight/shale gas reservoirs based on unstructured PEBI grid. The non-Darcy flow, including slip flow, transition flow, and free molecular flow, is considered in terms of apparent permeability in the model. Multicomponent adsorption is also considered in terms of extended Langmuir isotherm.
With the proposed model, we studied the effect of nonDarcy flow, length of the hydraulic fracture, and initial gas composition on gas production. The results showed the following: (1) the non-Darcy flow shows significant influence on gas production, especially in low permeable reservoirs. Ignoring this effect would lead to 67% underestimation on produced cumulative gas volume according to the simulated case. (2) Gas production increases with half-length of hydraulic fracture. However, in higher permeable reservoirs, the increment of gas production decreases with increase in fracture length, while in lower permeable reservoirs, gas production almost increases linearly with fracture length. Gas production would impossibly reach to economic rate without fracturing the well. (3) Higher initial CO 2 percentage would lead to lower gas production, for its ability to increase gas viscosity in the formation.
With considering non-Darcy flow and multicomponent gas adsorption in tight/shale gas reservoirs, the proposed compositional model can be a powerful tool to predict gas behavior in such unconventional reservoirs and be used to offer valuable insights into reservoir engineers to make better exploitation schemes.
